an essential trace element that is metabolically regulated, but its excesses result in additional stress to birds already living in stressful environmental conditions (Debacker et al., 2000) . As is a natural metalloid present in both organic as well as inorganic forms in soil, air, and water (Huang et al., 2004; Duker et al., 2005) , and it causes portal cirrhosis, anemia, sensory disturbance, liver damage, different cancers, genetic disorders, and weight loss (Webb, 1966; Nemery, 1990; Zhao et al., 1997; Abernathy et al., 1999; Huan et al., 2004; Duker et al., 2005) .
Heavy metals have been well studied in the aquatic food chain (Burger and Gochfeld, 1993; Burger and Gibbons, 1998; Güven et al., 1999; Kim and Koo, 2008; Taggart et al., 2009 ) and result in poor breeding as well as high mortality for sea eagles (Haliaetus spp.) and ospreys (Pandion haliaetus). The terrestrial food chains are relatively less studied (Pain et al., 1995; Movalli, 2000; Dauwe et al., 2003; Kenntner et al., 2007; Zolfaghari et al., 2007; Perez-Lopez, 2009 ); however, due to environmental pollutants population decline has also been reported for raptors (Palma et al., 2005) .
Public interest in environmental contamination has increased in recent years and therefore monitoring, evaluation, management, and remediation of ecological damage are required (Kushlan, 1993; Grove et al., 2009 ). In the ecosystem, assessment of change in all the living components, properties, or functions is impossible; however, certain biological components like birds can act as bio-indicators for some conditions (Movalli, 2000) . Among the species, toxicity and heavy metal exposure in birds are relatively well studied (Muralidharan et al., 2004) . Since the 1960s, the role of birds as monitors of environmental pollution has been recognized, because birds are more sensitive to human-induced environmental changes (Denneman and Douben, 1993) .
Generally, birds acquire heavy metals through intake of food, drinking, and geophagy. The rate of heavy metal absorption varies depending on species physiology, metal properties, and bio-availability in the environment. After absorption, metals circulate in the body, are excreted or get deposited in various body tissues, or are sequestered in feathers (Furness et al., 1986) . The high toxicity of heavy metals may result in eggshell thinning, low reproduction rate, suppression of the immune system, reduced growth/ weight, and developmental malformations, and all these lead to possible population decline in birds (Spahn and Sherry, 1999; Dauwe et al., 2006) . Long-term exposure to heavy metals can also cause disruptive behavior and reduction in disease resistance and affect other physiological processes (Dauwe et al., 2005) .
It is very difficult and risky to capture a protected and rare raptor species for sample collection. Noninvasive methods like regurgitated pellets or blood samples can be useful for determining heavy metal exposure, its seasonality, and food items with level of heavy metal load (Mateo et al., 1999) . However, these methods can still be difficult sometimes for raptors inhibiting mountainous or wooded habitats in the nonbreeding season. Alternately, collecting feathers of raptors as well as water birds allows the determination of temporal and spatial trends of heavy metals in birds without any damage and therefore is a more suitable strategy for threatened or endangered species (Burger, 1993) .
Heavy metal pollution has increased in recent years in South Asia (Hardoy et al., 1992) . In Pakistan, herbicides, pesticides, agricultural uses of fertilizers, and industrial wastes are the main sources of heavy metal contamination (Baluch, 1995) . Heavy metals such as Hg have been reported in higher than normal concentrations from the sea and rivers of Pakistan (Tariq et al., 1994; Tehseen et al., 1994) . The present study aimed to determine the heavy metal exposure of different raptor species from central, southern, and northern parts of Punjab (Pakistan) through feather samples analysis.
Materials and methods

Study area
Punjab Province is mainly a fertile plain with rivers and irrigation canals. It also includes deserts like Thal and Cholistan in the southern parts of the province. The River Indus and its tributaries traverse Punjab from north to south. The landscape is notably irrigated and canals can be found over a major part of the province. Weather extremes are notable, from the hot and barren south to the cool hills of the north. The northern parts of the province comprise Potohar Plateau, which is an arid zone. The foothills of the Himalayas are found in the extreme north (Figure 1 ).
For the current study, feather samples (n = 45) were collected from 14 districts of Punjab Province, namely Lahore, Gujranwala, Okara, Kasur, and Jhang (central Punjab); Rawalpindi, Jhelum, Chakwal, Mianwali, and Khushab (northern Punjab); and Rajanpur, Bahawalnagar, D.G.Khan, and Rahim Yar Khan (southern Punjab; Figure  1 ; Table 1 ) Samples from Nagarparkar and Kashmore (Sindh Province; adjacent to southern Punjab) were included in the southern Punjab region, while those from Islamabad (adjacent to northern Punjab) were considered in northern Punjab.
Sampling
Birds of prey are mostly protected; hence, noninvasive techniques are required to collect the samples. Feathers can easily be collected and in numerous studies have been used to determine heavy metal levels (Burger and Gochfeld, 1993; Hahn et al., 1993; Dauwe et al., 2002 Dauwe et al., , 2003 Zolfaghari et al., 2007; Kim and Koo, 2008; Burger et al., 2009 ). The specimens of birds belonging to 3 main families (Accipitridae, Falconidae, and Strigidae) were collected from different sites within the province (Table 1; Figure 1 ) as per availability of the birds during the study period (May 2008 -May 2009 . Trained falcon trappers were approached for the collection of feather samples. Only 3 to 4 breast feathers were plucked from each adult bird; they were placed in sealed plastic bags with an ID number. This consistency in sample collection only from the breast is important because variations in metal levels may exist among feathers from different locations on the body of individual birds (Bortolotti and Barlow, 1985) . It is also suggested that body feathers are more representative of metal levels than flight feathers (Doi and Fukuyana, 1983; Furness et al., 1986) . These breast feathers grow back rapidly and their removal does not affect the bird's flight or thermoregulatory efficiency (Movalli, 2000) . Difficulties experienced in trapping the birds and collecting their feathers affected the total sample size. To overcome this problem, samples were pooled familywise (Falconidae, Strigidae, and Accipitridae), and regionwise (northern Punjab, central Punjab, and southern Punjab) for comparison.
Analysis
Feather samples were processed for atomic absorption spectrophotometry following Fransion (1981) , for determination of various metal concentrations in the feather samples. Firstly, feather samples were washed 3 times with tap water, rinsed with distilled water, and then washed in acetone following Saeki et al. (2000) and Battaglia et al. (2003) to get rid of the external pollutants (Goede and Bruin, 1984) . The samples were then dried at 80 °C for 12 h in an oven, following Saeki et al. (2000) . Finally they were cut into small pieces, weighed, and transferred into quartz crucibles. About 1.0 mL of HNO 3 and 0.25 mL of perchloric acid were added to the crucibles, which were covered with watch glasses. The digestion was carried out by using a hot plate with a magnetic stirrer (HB 502 Bibby), initially at low temperature and then at higher temperature. The digested samples were analyzed in triplicate for heavy metal concentrations using an atomic absorption spectrophotometer (G.B.C. 932 Plus, UK). Certified standard solutions of the elements (1000 µg/g) were used for the preparation of the elements' working standard solutions.
SPSS (version 18.0) was used for the statistical analysis. The distribution of metal concentrations was not normal (Shapiro-Wilk test, P < 0.05); therefore, we applied the nonparametric statistic. Kruskal-Wallis one-way analysis of variance was used to determine the differences in metal concentrations among the regions and families. When a difference was found, a posteriori pairwise comparisons were made using the Mann-Whitney U test.
Results
Feather samples of 45 birds from 17 species of raptors belonging to the families Accipitridae, Falconidae, and Strigidae were collected. Mean concentrations of various metals in the feather samples of the different raptor species are given in Table 2 . The comparison of the mean values of metals showed that maximum metal concentration was Ni (500 µg/g) deposited by the Common Kestrel (Falco tinnunculus) collected from the border area of southern Punjab adjacent to Kashmore. Overall, the highest mean values for metal levels in all the raptors were found for Zn, followed by Ni.
Family variations
In the family Accipitridae, a total of 26 different samples of feathers from 9 species were analyzed for metal concentrations. Zn was found to be the most heavily deposited metal, with a mean concentration of 119.14 ± 15.99 µg/g, followed by Ni (47.73 ± 9.16 µg/g) ( Table 3) . Mean metal concentrations in the family Accipitridae ranged from 2.19 µg/g for Cd to 119.14 µg/g for Zn (Table 3) . For the family Falconidae, a total of 12 feather samples were collected from 5 different species. The maximum mean concentration was found for Zn (181.46 ± 18.73 µg/g), with Ni being second (166.65 ± 35.75 µg/g). The lowest concentration (3.22 ± 0.38 µg/g) deposited was found for Cd, whereas Pb, Cu, and As were deposited in moderate concentrations (Table 3 ). In the family Falconidae, variation in metal deposition in the feathers was noticeable. In the Peregrine Falcon (Falco peregrinus), Saker Falcon (Falco cherrug), and Red-headed Merlin (Falco chicquera), the concentrations of Zn were 165.6 µg/g, 294.3 µg/g, and 125.7 µg/g, respectively, whereas in the Common Kestrel and Laggar Falcon (Falco jugger), Ni was the most heavily deposited metal (500 µg/g and 264.2 µg/g, respectively). In all 5 species of falcons analyzed, Cd showed the lowest concentrations (Table 2 ).
In the family Strigidae, a total of 7 feather samples of 4 species were analyzed. Zn was the most heavily deposited metal, with a mean concentration of 90.98 ± 28.06 µg/g, followed by Ni (73.63 ± 29.38 µg/g). Cd (1.11 ± 0.36 µg/g) was again the least deposited metal of all the 6 (Table 3) . Among the various species of the family Strigidae, the Short-eared Owl (Asio flammeus) had the highest concentration of metal (Zn = 126.3 µg/g) in the feather samples, followed by the Spotted Owlet (Athene brama) showing a concentration of 90.74 µg/g for Zn. In all the species of this family, Cd showed a relatively low deposition (Table 2) .
Comparisons among families
The Kruskal-Wallis test showed a significant difference (Tables 3 and 4) among the 3 families for Cd, Zn, Ni, and Pb (P < 0.05). A significant difference was found between the families Accipitridae and Falconidae for Cd (U = 31.0, P < 0.01), Zn (U = 67.5, P < 0.01), Ni (U = 30.0, P < 0.01), and Pb (U = 79.5, P < 0.05; Mann-Whitney U test). Similarly, the families Falconidae and Strigidae also differed significantly for Cd (U = 8.0, P < 0.01), Zn (U = 10.0, P < 0.01), Ni (U = 17.0, P < 0.05), and Pb (U = 11.0, P < 0.01; Mann-Whitney U test). However, concentrations of all metals were nonsignificantly different between the families Accipitridae and Strigidae (P < 0.05). Falconidae deposited the highest concentrations of metals, followed by Accipitridae and then Strigidae.
Regional variations
The southern Punjab region showed that the mean concentration of Ni was highest deposited (153.4 ± 57.26 µg/g), followed by Zn (122.17 ± 4.09 µg/g), while Cd was the least deposited (1.83 ± 0.49 µg/g) metal. Pb, Cu, and As showed moderate concentrations (Figure 2 ). The central Punjab region showed that Zn was deposited in the highest mean concentrations (127.1 ± 16.76 µg/g) of all the metals studied, followed by Ni (90.39 ± 15.08 µg/g), while Cd showed the lowest (3.35 ± 1.64 µg/g) mean concentrations (Figure 2) . Likewise, northern Punjab also showed Zn being the most heavily deposited metal in the feather samples (158.58 ± 26.42 µg/g), followed by Ni (42.48 ± 11.74 µg/g), whereas Cd was the least (1.14 ± 0.36 µg/g) deposited (Figure 2 ).
Comparisons among regions
Pooled data of each region showed a significant difference in the concentrations of Cd, Ni, and As (P < 0.05, Kruskal- Wallis test) among the feather samples of raptors obtained from the 3 regions (Table 4) . As significantly differed (U = 17.0, P < 0.01; Mann-Whitney U test) between southern and central Punjab but metal concentrations of central and northern Punjab were nonsignificantly different. Southern and northern Punjab appeared significantly different for Cd (U = 33.0, P < 0.01), Ni (U = 33.0, P < 0.01), Pb (U = 39.0, P < 0.05), and As (U = 26.0, P < 0.01; Mann-Whitney U test). Among the families of each region, only Accipitridae was significantly different (U = 38.0, P < 0.05) in southern and central Punjab, while the other families varied in mean values among the regions but nonsignificantly (Table 5) . Central Punjab appeared to be most polluted, followed by northern and then southern Punjab.
Discussion
Environmental pollution is one of the most devastating ecological crises facing the world today. It is especially true for most developing countries in South Asia, such as Nepal, India, Bangladesh, and Pakistan (Karn and Harada, 2001) , where water pollution is more severe and critical near urban areas due to huge amounts of pollution load discharged by urban activities. About 90% to 95% of all domestic sewage and 75% of all industrial effluent are discharged into surface waters without any treatment (Hinrichsen et al., 1997; Pandey, 2006) . Pakistan is an agricultural country; however, population increase, unplanned urbanization, deforestation, and rapid industrialization over the past few decades have all contributed to environmental pollution. The main sources of environmental pollution in the country are sewage water, city refuse, fertilizers, pesticides, automobiles, industrial effluents, and leather tanning (Hanif et al., 1987; Tahir et al., 1998; Aftab et al., 2000) . Huge amounts of solid sludge and effluent water containing acids, alkalis, sodium chloride, and heavy metals are released daily in tons into nullahs (seasonal water courses) and streams; this waste directly flows into rivers and eventually into the ocean (Zaman and Ara, 2000; Tahir and Naseem, 2007) . In Pakistan, dumping of industrial waste, effluents, and sewage into the soils and wetlands is a common activity that ultimately affects the food chain and the ecosystem. As a result, soils, air, and water are heavily polluted with various heavy metals like Hg, As, Pb, Zn, Mn, Li, Cd, and Cr (Abbas et al., 2004) .
Raptors are at a high trophic level; many of them are territorial and nonmigratory with extended home ranges and long life spans. Hence their risk of accumulating metals is higher and these may accumulate in soft body tissues, bones, feathers, and eggs. Raptor species are thought to be more vulnerable to metals (Stout and Trust, 2002) and are important as bio-indicators Zaccaroni et al., 2003) . Monitoring of heavy metal levels in feather samples of raptors and water birds allows researchers to determine the spatial and temporal trends without sacrificing the birds, especially threatened and endangered species (Burger, 1993) .
Given the increased concern about heavy metal contamination, it is very important to measure metal concentrations in wild species. Raptors are one of the better choices in this context. In the current study, feather samples of raptors were collected from the southern, central, and northern regions of Punjab Province to compare the metal contamination in the 3 regions. The southern Punjab is a cotton belt and the central Punjab is heavily industrialized, whereas the northern region of the province comprises scantily industrialized units. In the current study, Cd, Cu, and Pb were significantly higher in central Punjab than in northern and southern Punjab, while deposition of As and Ni was significantly greater in southern Punjab than in the other 2 regions. The central region is densely populated, with a heavy traffic load, and is more industrialized as compared to the other 2 regions; therefore, it is more polluted than the other 2 regions and safe disposal of industries wastes is required. Three studies regarding heavy metal deposition in birds from various regions of Pakistan have been conducted so far (Table 6 ). Movalli (2000) studied metal deposition (Cd, Ni, Zn, and Pb) in feathers of the Lagger Falcon from various regions of southern Punjab and Sind provinces. The concentrations of Cd, Zn, Ni, and Pb in the feather samples of Bahawalnagar and Bahawalpur (south Punjab) were all much lower than those estimated in the current study for all 3 families and regions of the Punjab. This indicates that for the last 10 years the levels of these metals have increased considerably in the environment, especially in this part of the country. Estimates of Cd concentrations in feathers of Little Egrets and Cattle Egrets by Boncompagni et al. (2003) from Lake Haleiji (0.09 µg/g), Karachi (0.10 µg/g), and Taunsa Barrage (0.06 µg/g) were lower than the levels of metals obtained in the current study for southern (1.83 µg/g), central (3.35 µg/g), and northern (1.14 µg/g) areas, indicating a greater load of heavy metal pollution in recent times. Conversely, Malik and Zeb (2009) reported greater accumulation of Cd, Zn, and Pb and lower levels of Ni and Cu in the feather samples of Cattle Egrets from Chenab and Ravi rivers (central Punjab) and Lake Rawal, Islamabad (northern Punjab) as compared to the results of the current study. Similarly, the levels of As in the current study were much higher than those estimated by Boncompagni et al. (2003) from Karachi and southern Punjab. The trophic level of egrets is, however, different from that of raptors and perhaps this comparison is not very suitable but still it provides some information regarding the greater levels of metals.
The concentrations of metals in feather samples of the 3 raptor families in the current study have shown that the family Falconidae had significantly higher levels of Cd, Zn, Ni, and Pb than Accipitridae and Strigidae; the Common Kestrel showed the maximum average metal deposition of Ni (500 µg/g) and Zn (289.3 µg/g) among all the raptor samples analyzed. The Laggar Falcon also showed heavy metal deposition (264.2 µg/g and 154.6 µg/g for Ni and Zn, respectively), ranking second after the Common Kestrel. This shows that falcons have a higher ability to accumulate more metals from the environment through the food chain. Since some of these metals, such as Cd, Ni, and Pb, were found in higher concentrations in the species of this family, falcons are expected to be more vulnerable to metal pollution. According to Palma et al. (2005) , population declines were attributed to environmental contaminants for some raptor species feeding on terrestrial food chains. It was reported previously that heavy metals can reduce reproductive success and in severe cases even cause death (Sanpera et al., 2000) ; therefore, they are a serious threat to the survival of birds (Hernández et al., 1999) . Movalli (2000) also documented higher metal deposition such as Cd, Zn, Pb, and Ni in the feathers of Laggar Falcons in southern Punjab (Bahwalnagar and Bahawalpur), indicating perhaps that falcons are more susceptible to metals. The threshold level of Cd is considered above 3 ppm (dw) in the liver and indicates increased environmental pollution (Scheuhammer, 1987; Burgat, 1990) . We found the mean concentration of Cd to be below the threshold level in Accipitridae and Strigidae but in Falconidae it was slightly higher (3.22 µg/g). It is accepted generally that threshold limits for Zn do not exist (Taggart et al., 2006) ; however, Gasaway and Buss (1972) reported that the threshold level of Zn in birds is 1200 µg/g. In mallards, the clinical signs of Zn poisoning were observed at concentrations of 473-1990 ppm (dw) in the liver (Levengood et al., 1999) , in waterfowls of 280-2900 ppm (Sileo et al., 2003) , and in cage and aviary birds of 320-534 ppm (Doneley, 1992) . In the present study, the Zn concentrations were lower than the threshold limits in all families. Pb concentrations below 2 ppm in the liver could be safe and this level could be considered the threshold level (Pain et al., 1995) . A concentration of 30 ppm in hepatic tissue is considered a potentially lethal level for birds and of up to 6 ppm in raptors . We found mean concentrations of Pb from 12.57 µg/g in Strigidae to 28.81 µg/g in Falconidae, which could be dangerous. Wiemeyer et al. (1980) found 4 out of 18 ospreys (Pandion haliaetus) dead in the eastern USA with As concentrations higher than 5 ppm (dw), while 1 bird had an As hepatic level of 56 ppm (dw), enough for the death of this bird. In our study, mean concentrations of As were 11.07 µg/g in Accipitridae and 19.61 µg/g in Falconidae, which could be toxic; however, in Strigidae it was 5.19 µg/g. Mean concentrations of Ni and Cu in our study were many fold higher than those found in the feathers of birds of prey in Belgium . Concentrations of heavy metals in birds above the threshold level may result in behavioral changes, reproductive dysfunction, and increased chances of disease (Scheuhammer, 1987) . Reproductive dysfunction could be a direct result of exposure, causing smaller clutch size, hatching failure, mortality of nestlings, and egg-shell thinning, and overall influenced the health of birds (Nyholm, 1993; Belskij et al., 1995; Jassens et al., 2003; Dauwe et al., 2004) . Metal concentrations detected during our study from various raptors and regions of Pakistan might cause population declines of these species; proper management and control of these pollutants in the environment are therefore required.
